Intermediate filaments (IFs) are major constituents of the cytoskeleton and nuclear boundary in animal cells. They are of prime importance for the functional organization of structural elements. Depending on the cell type, morphologically similar but biochemically distinct proteins form highly viscoelastic filament networks with multiple nanomechanical functions. Besides their primary role in cell plasticity and their established function as cellular stress absorbers, recently discovered gene defects have elucidated that structural alterations of IFs can affect their involvement both in signaling and in controlling gene regulatory networks. Here, we highlight the basic structural and functional properties of IFs and derive a concept of how mutations may affect cellular architecture and thereby tissue construction and physiology.
Introduction
Human cells contain three principal filament systems: microfilaments (MFs), microtubules (MTs), and intermediate filaments (IFs). They form a dynamic cytoskeleton that mechanically integrates cellular space (1) (2) (3) . Actin and tubulin, the proteins constituting MFs and MTs, respectively, are highly conserved globular proteins. In humans, they are both expressed in the form of three major subtypes termed α, β, and γ. In contrast, the members of the IF protein family, which is encoded by 70 genes, have very different primary amino acid sequences but a common domain organization (4) . In addition, an increasing number of alternative splice forms of individual IF proteins have been discovered recently (5) . IF proteins are differentially expressed during embryonic development, in parallel to distinct routes of differentiation, indicating that they have distinct tissue-specific functions (6, 7) . Hence, in epithelial cells, a highly diverse group of keratins is expressed; vimentin is a hallmark of mesenchymal, endothelial, and hematopoietic cells; the extra-sarcomeric cytoskeleton of myoblasts consists mainly of IFs, containing desmin, synemin, and syncoilin; and neuronal cells are characterized by IFs coassembled from the neurofilament triplet proteins and α-internexin (8, 9) . A further contrast to MFs and MTs is that higher metazoan interphase cells harbor two distinct IF systems in parallel, one in the nucleus and one in the cytoplasm ( Figure 1 ). The nuclear IF system in interphase cells constitutes a meshwork-like lamina of partially heterogeneous and independently organized filaments made of lamin A, lamin C, lamin B 1 , and lamin B 2 (10) . The lamina is apposed to the nuclear envelope and integrates inner nuclear membrane proteins, nuclear pore complexes, and heterochromatin into a functional interface (11, 12) . The nuclear IF network is directly coupled to the cytoplasmic IF system via plectin and interacting inner and outer nuclear membrane proteins, such as nesprin-3α and Sun proteins (13) . During mitosis, the lamin system is disassembled through the action of mitotic kinases, whereas the cytoplasmic IF system is depolymerized only in some cell types (14, 15) . Notably, a specific fraction of the lamins, lamin B 2 , is reorganized and incorporated into a supportive structure for the mitotic spindle that is termed the spindle matrix (16) .
The proteins that constitute MTs, MFs, cytoplasmic IFs, and nuclear IFs are able to self-assemble in vitro ( Figure 2 ). α- and β-tubulin heterodimers form 25-nm-diameter MTs made from 13 protofilaments of identical orientation, whereas actins assemble into 9-nm-diameter MFs made of two right-handed long-pitch helical strands of globular subunits, with an axial stagger of half a subunit relative to each another (17, 18) . Both MFs and MTs are topologically closed polymers, exhibiting a distinct polarity with a fast- and a slow-growing end. This polarity is essential for their use as tracks for motor proteins in unidirectional transport. In contrast, cytoplasmic IF proteins form apolar, smooth, and flexible filaments, with an approximate diameter of 10 nm, i.e., the filaments are "intermediate" in diameter between that of MTs and MFs, hence the name "intermediate filaments." Lamins assemble in vitro into filaments somewhat distinct from those formed by the cytoplasmic IF proteins; for example, they exhibit a pronounced 24-nm axial beading repeat ( Figure 2 ). Slowly, but definitely, in vitro assembled lamin filaments form, probably by lateral association, extensive paracrystalline fibers ( Figure 2 ) (10, 19) . In further stark contrast to MFs and MTs, for which general depolymerizing compounds often used in cancer chemotherapy are known, as of yet no general inhibitors of assembly have been described for IFs (20) (21) (22) .
In searches for IF proteins in species other than mammals, it became apparent that IFs are hallmark cytoskeletal entities of all metazoan organisms. Hence, IF proteins are found in simple animals, such as the sweet water sponge Hydra and the nematode Caenorhabditis. IFs are, however, in contrast to MFs and MTs, not expressed in plants and fungi. Their absence may correlate with the fact that the body plan of plants and fungi depends on mechanical support provided by external cell walls. Similarly, insects do not harbor cytoplasmic IF proteins; however, they do have a nuclear IF system made from authentic lamins.
In higher vertebrates, the number of genes encoding IF proteins increased considerably during evolution. However, already lower invertebrates such as the nematode Caenorhabditis elegans express more than ten IF proteins, several of which are essential for life (23) (24) (25) (26) . In humans, keratins represent the major subgroup of IF proteins and are encoded by 54 genes, about half of them being expressed by trichocytes, the specialized epithelial cells from which hair, nails, and similar appendages are generated. Thirteen genes encode mesenchymal, muscle, lens-specific, and neuronal IF proteins, and three genes encode the four nuclear lamins (27) . Following detailed amino acid comparisons in higher vertebrates, researchers have grouped IF proteins into six sequence homology classes (SHCs) (also known as "types"): SHC1 comprises the acidic keratins; SHC2 comprises the basic keratins; SHC3 includes vimentin, desmin, glial fibrillary acidic protein (GFAP), and peripherin; SHC4 harbors the neurofilament triplet proteins together with α-internexin and nestin; SHC5 represents the lamins; and SHC6 consists of the two lens-specific proteins, beaded filament structural protein 1 (Bfsp1; also known as filensin) and Bfsp2 (also known as phakinin and CP49) (28) .
Although functional inactivation of genes encoding IF proteins, such as keratins, vimentin, and desmin, is mostly not embryonal lethal in mice, their absence has been shown to have a considerable impact on cellular and tissue physiology. For instance, mice lacking a functional vimentin gene are apparently normal, but primary fibroblasts derived from these animals exhibit a substantial reduction in stiffness (29) . Moreover, these cells display reduced mechanical stability, motility, and directional migration. In addition, the spatial organization of the focal adhesion proteins is disturbed. As a result, the ability of these cells to repair a wounded fibroblast monolayer is severely impaired (29) . Correspondingly, wounds inflicted upon vimentin-deficient embryos heal much more slowly than those in control embryos (30) . This effect has been attributed to a failure of mesenchymal contraction at the embryonic wound site (30) . Another way in which a lack of vimentin affects cellular and tissue physiology is that the performance of both peripheral blood mononuclear cells and endothelial cells in transendothelial migration is greatly diminished in vimentin-deficient mice, indicating that vimentin IFs are important for lymphocyte adhesion and transmigration through the endothelium (31) .
In this Review, we discuss how disease-causing mutations in IF protein-encoding genes possibly affect the structure and assembly of IF proteins. Moreover, we present a view - with the muscle IF system as a paradigm - of how the change in basic IF properties may impact cell architecture and plasticity, and, thereby, eventually tissue function.
A structural blueprint for IF proteins
In contrast to actin and tubulin, which are globular proteins, IF proteins are fibrous. In further contrast to MFs, MTs, and most other cytoskeletal proteins, IFs, together with some associated proteins such as desmoplakin and plectin, exhibit a pronounced stability in buffers containing high concentrations of detergent and salt, indicating that the individual subunits very tightly associate through both ionic and hydrophobic interactions (32) (33) (34) . The molecular blueprint of IF proteins exhibits a tripartite structural organization; they consist of a central α-helical rod domain, which is flanked by non-α-helical amino-terminal head and carboxyterminal tail domains ( Figure 3A ) (35, 36) . Within the α-helical rod domain, amino acids are regularly organized in heptad repeats, such that usually every first and fourth amino acid side chain is hydrophobic, thereby generating a hydrophobic seam, which in turn drives the association of like molecules into a coiled coil (37, 38) . Hence, the principal structure of IF proteins is an α-helical rod that is 45 nm in length in cytoplasmic IF proteins and 7 nm longer in nuclear IF proteins (32) . Two α-helical rods are able to associate in a parallel, unstaggered fashion to form a left-handed superhelix, i.e., a coiled-coil dimer. In contrast to all other IF proteins, keratins form obligate heterodimers, containing an acidic SHC1 keratin and a basic SHC2 keratin (39, 40) .
On the basis of extensive comparisons of the amino acid sequence of many IF proteins and a correlated structure prediction, it was concluded and generally accepted that the heptad repeat pattern of the α-helical rod is interrupted by three linker domains, creating four sub-helices that have been termed coil 1A, coil 1B, coil 2A, and coil 2B ( Figure 3A ). The number of amino acids found in the individual helices is strictly conserved in the various types of IF proteins except for coil 1B, which is 42 amino acids (or six heptads) longer in the nuclear lamins than in vertebrate cytoplasmic IF proteins (143 versus 101 amino acids). Notably, cytoplasmic IF proteins of lower invertebrates also exhibit the longer coil 1B version, underlining their evolutionary relationship to lamins. The length of the other coils is identical in all IF proteins: coil 1A has 35 amino acids, coil 2A has only 19 amino acids, and coil 2B has 115 amino acids (1) . In the middle of coil 2B, a discontinuity in the heptad repeat pattern, a so-called stutter, is consistently found in all IF proteins.
Vimentin-like IF proteins differ from lamins and keratins, as they have an α-helical segment of 20 amino acids that precedes coil 1A and may even form a coiled coil (41) . The linker domains between the coils are referred to as L1 (which connects coil 1A and coil 1B), L12 (which connects coil 1B and coil 2A), and L2 (which connects coil 2A and coil 2B). The length of the individual linkers is not strictly conserved and their structure is not completely clear. However, in lamins, L1 is always 11-amino acids long, and in every IF protein, L2 is eight-amino acids long ( Figure 3B ) (8, 42) . Although in silico structural prediction served well for some time to describe the structure of IF proteins, our recent crystallographic studies (our unpublished observations) indicate that certain adjustments to the earlier picture of the second half of the rod are needed. The segments previously termed coil 2A, L2,
Figure 1
Cells from higher metazoan organisms harbor two distinct IF systems. Indirect immunofluorescence staining with antibodies specific for (A) lamin A and (B) vimentin indicates that lamins are concentrated at the inner nuclear membrane within the nucleus, whereas vimentin forms a complex network within the cytoplasm that extends from the cell periphery immediately to the outer nuclear membrane. and coil 2B (and now designated coil 2) constitute a continuous coiled coil of 142 amino acids, with two short segments in which the helices run in parallel. The short parallel bundle ( Figure 3B ) is formed by the segments previously called coil 2A and L2, and it is followed by a normal coiled-coil segment that harbors the stutter, a local unwinding of the otherwise intact coiled coil that causes the two α-helices to become nearly parallel at this site (43, 44) . The length of coil 2 in every IF protein is approximately 21.5 nm. In contrast to the high structural similarity in coil 2 of vimentin-like IF proteins (the SHC3 and SHC4 IF proteins), keratins (SHC1 and SHC2 IF proteins), and lamins (the SHC5 IF proteins), these three groups of IF proteins exhibit substantial structural differences in the organization of coil 1 (i.e., the rod segment harboring coil 1A, linker L1, and coil 1B) and hence constitute three groups of IF proteins with distinct structural differences ( Figure 3B ).
The above building plan of IF proteins ( Figure 3A ) is also "diagnostic," providing a tool to analyze the primary sequences of newly identified proteins in order to find out if they belong to this family (45) . Hence, as this structural plan is not followed in crescentin, a Caulobacter crescentus protein reported to be a prokaryotic IF-like protein (46), it probably is not an "IF ancestor." Consistent with this idea, no homologs of crescentin have been found in other bacteria. Interestingly, however, bacterial non-IF proteins with a central coiled coil have been identified recently to constitute cytoskeletal networks, underlining the efficiency of fibrous proteins forming two-stranded α-helical coiled coils as versatile basic elements of structural scaffolds (47) . Moreover, coiled-coil-forming non-IF proteins, such as myosins, tropomyosins, kinesins, plakins, and transcription factors, are also frequently found in many eukaryotic organisms.
A major advance in defining the structural organization of IF proteins has been accomplished through comparison of numerous individual protein sequences obtained by screening cDNA libraries of various species. Due to the extremely high conservation of the building plan of practically all known IF proteins (Figure 3B ), some robust structure predictions became feasible (2) . Comparing the sequences of many different IF proteins, especially over a wide range of species, two amino acid-sequence stretches, the so-called IF-consensus motifs, became evident at either end of the rod ( Figure 3A ): one encompassing the amino-terminal end of coil 1A and one marking the end of coil 2B. The latter IF-consensus motif, a stretch of 10 amino acids (TYRKLLEGEE), is nearly identical in proteins as distinct as the Hydra nuclear lamin and human hair keratins (48) . Similarly, the IF-consensus motif in coil 1A is extremely well conserved for individual IF proteins, such that the vimentins from species as diverse as primitive fish and humans are nearly identical over a stretch of 20 amino acids, including the absolutely conserved sequence LNDR, which is present in nearly every IF protein (42, 49) .
Considering such conservation of amino acid sequence among diverse species, it comes as no surprise that mutations in these motifs interfere drastically with the function of IF proteins. This is highlighted by the discovery that inherited mutations in keratinencoding genes cause human skin fragility diseases and the experimental verification in transgenic mice that such mutations have a devastating impact on proper skin architecture and function (50, 51) . Although disease-causing mutations in the coil 1A-consensus motif of keratins do not prevent extended in vitro filament assembly, arguing that they may interfere at the level of the spatial organization of the keratin cytoskeleton, an experimental mutation introduced into this consensus motif of vimentin inhibits in vitro assembly completely (52) (53) (54) (55) .
Atomic structures of the coiled-coil segments
The two key questions to be answered if we are to understand the basic principles of IF biology are what is the structure of an IF dimer and, eventually, an entire IF at atomic detail, and how do particular
Figure 2
Ultrastructural analysis of the principal filamentous elements of metazoan cells after in vitro reconstitution. Negatively stained preparations of MTs, MFs, vimentin IFs (Cyt-IFs), lamin A filaments (Lamin-IFs), and paracrystalline lamin A fibers (Lamin-Pc), as visualized by transmission electron microscopy. Scale bar: 100 nm.
IF proteins assemble into filaments? To answer the first question, researchers attempted to solve the molecular organization of a coiled-coil vimentin dimer by X-ray crystallography. However, as it became clear that the entire dimeric rod would not easily crystallize, a "divide-and-conquer" strategy was developed, and subfragments of the rod were subjected to crystallization (56) . As a first step, the structure of a 28-amino acid segment of coil 2B of human vimentin, including its consensus motif, was solved using crystals formed by a chemically synthesized peptide (48) . Most interestingly, both glutamic acid 396 and arginine 401, which form an inter-helical salt bridge in the crystal, are highly conserved among all IF proteins at the corresponding positions in coil 2B. Thus, it is perhaps not surprising that mutations of the homologous amino acids in keratins, desmin, GFAP, and lamins cause disease (48) . According to the specific tissue localization of the proteins, mutations that affect the salt bridge in epidermal keratins lead to blistering diseases, in desmin they lead to muscular dystrophy, and in GFAP they lead to Alexander disease (57) (58) (59) (60) (61) (62) (63) (64) . In contrast, mutation of lamin A arginine 377, the arginine residue that corresponds to arginine 401 in vimentin, to either leucine or histidine gives rise to limb-girdle muscular dystrophy type 1B and Emery-Dreifuss muscular dystrophy (65) (66) (67) . Moreover, the R377H mutation can also cause dilated cardiomyopathy type A (68). Most notably, mutations in either amino acid of this inter-helical salt bridge of lamin A represent one of the three major hotspots for laminopathic disease mutations (Giselè Bonne, personal communication).
The initial crystallization studies were followed by the determination of the atomic structure of coil 1A and the second half of coil 2, then called coil 2B, for both vimentin and lamin A (43, 44) . Whereas coil 2B was shown to form bona fide dimeric complexes, coil 1A remained monomeric in solution (56) . Even more surprising, coil 1A was also obtained as a monomer in the crystals that formed at high-protein concentration, although it assumed the left-handed helical supertwist necessary for coiled-coil formation. Nevertheless, in the full-length protein, coil 1A is not isolated but embedded in a distinct structural context, and larger fragments containing the head domain in addition to coil 1A behave, under certain in vitro conditions, like a dimeric coiled coil (56) . A 20-amino acid segment of the head domain that precedes coil 1A is probably important for the observed dimerization of this extended , and L2 are linker segments. As L2 is predicted to form an α-helical segment, coil 2A and linker L2 are designated as paired bundle (pb) in B. "Head" and "tail" represent non-α-helical domains. The stutter (st) indicates a discontinuity in the heptad repeat pattern of coil 2B (43) . The blue box designated lamin-specific "insertion" highlights a position in which an additional α-helical segment is found in lamins and lower invertebrate cytoplasmic IF proteins. (B) Model of the dimeric structures exhibited by human lamin A, vimentin, and the epidermal pair K5/K14. Vimentin exhibits a pre-coil domain (PCD). Moreover, a special feature of nuclear lamins, as opposed to cytoplastic IF proteins, is that linker L1 in lamins is likely to be α-helical. The numbers in parentheses indicate the number of amino acids in the respective non-α-helical domains. NLS, nuclear localization signal. B is adapted from Nature reviews molecular cell biology (8) .
coil 1A fragment; according to sequence prediction, this segment may form an α-helix and possibly even a coiled coil ( Figure 3B) (38, 41, 42) . In addition, the head domains of IF proteins (vimentin, lamins, and keratins) may help to stabilize the dimeric state.
Crystallized coil 2B exhibits very much the same structural fold in lamin A and vimentin, and it is expected that keratins will exhibit a very similar structure once they are crystallized, due to their conserved amino acid sequence organization in the corresponding segment. Therefore, coil 2 represents a truly conserved structural feature that all IF proteins exhibit in common ( Figure 3B ). The functional meaning for this similarity is at present not clear. However, as most rules do not come without an exception, the single lamin of the nematode Caenorhabditis elegans lacks two heptads in coil 2 (69) . Nevertheless, this protein assembles into IF-like filaments and paracrystalline fibers (70) (71) (72) (73) (74) .
A dramatic evolution in the structure of IF proteins is reflected by their non-α-helical domains, i.e., the "heads" and "tails" (75) . These can be as short as 15 amino acids, as found for the tail of human keratin 19 (K19), or as long as 1,300 amino acids, as in the human neuronal IF protein nestin. Moreover, the nestin tail exhibits a high degree of sequence variation, even between related species such as rat and human (76) . Hence, the nestin-encoding gene is in dynamic development in vertebrate evolution. The size of the head domain also varies widely and can be as long as 167 amino acids, as in K5 ( Figure 3B ). In contrast, the nestin head domain is unusually short, with only six amino acids. The head domain is generally critical for formation of IFs, as headless IF proteins do not assemble beyond the coiled-coil stage (42) . Hence, the absence of a regular head domain in an IF protein such as nestin points to the fact that it needs to form a complex with a "headed" partner, such as vimentin, in order to be incorporated into an IF. Whether nestin and vimentin form heterodimers or whether nestin dimers associate with vimentin dimers before incorporating into IFs is not completely clear at present (77) .
The IF assembly mechanism: three distinct assembly groups The three major structural IF protein groups discussed earlier (see A structural blueprint for IF proteins) also give rise to three more or less distinct assembly groups. Hence, lamins, vimentin-like IF proteins, and keratins will not coassemble into mixed IFs; rather, they completely segregate into distinct structures, even within the same cell (34) . Here, we concentrate our discussion on the in vitro assembly process of the cytoplasmic IF proteins vimentin and desmin, because it is the best understood from the biophysical characterization of the essential assembly intermediates up to the mathematical modeling of the assembly kinetics (78) (79) (80) (81) . The assembly reaction can be dissected into three major steps (Figure 4) . In preparation for assembly, IF proteins reconstituted from 8 M urea into low-salt buffer organize into relatively uniform tetrameric complexes of approximately half-staggered, antiparallel coiled-coil dimers; these are entirely soluble. In the first phase of assembly, which is initiated by increasing the ionic strength of the buffer, an average of eight tetramers rapidly associate laterally into unit-length filaments (ULFs). In the second phase, ULFs longitudinally anneal to form short filaments, and filament growth proceeds further by end-to-end association of filaments. In the third phase, there is a highly cooperative radial compaction of the nascent, "open," approximately 16-nm-diameter filaments into wide, mature, approximately 11-nm-diameter
Figure 4
Schematic representation of the three major phases of cytoplasmic IF assembly. In phase 1, eight tetrameric subunits made from two antiparallel, half-staggered coiled-coil dimers associate laterally to form ULFs after initiation of assembly. Every single vimentin molecule is represented by one cylinder; coil 1 of each molecule is colored dark red, and coil 2 is colored yellow. In phase 2, ULFs and short filaments longitudinally anneal to other ULFs and filaments. In phase 3, after about ten minutes of assembly, filaments have radially compacted to a diameter of approximately 11 nm. Adapted with permission from Journal of biological chemistry (80) .
IFs (82, 83) . All assembly steps very likely engage a number of complex molecular rearrangements, such that the flexibility of individual subdomains within the rod domain is important for successive interactions (83) .
A major determinant of the annealing reaction, in which the ends of two filaments mediate the longitudinal fusion of two ULFs or short filaments, may reside in the structural state of the two end segments of the rod. Taking the comparatively weak interaction between two coil 1A chains as an argument, it was previously suggested that the two-stranded coiled coil of the vimentin dimer may partially open in its coil 1A region to facilitate longitudinal annealing, followed by a lock-in-type reaction, thereby generating stable joints between annealed segments (43, 84) . These interactions may be directly affected by phosphorylation of various serine residues in the head domain of vimentin, which can lead to the fragmentation and dissociation of vimentin IFs (85) (86) (87) . Consistent with the idea that the conserved end segments of the rod are important for elongation, chemical cross-linking experiments have revealed an overlap-type interaction of the amino- and carboxyterminal domains of the vimentin rod (1). These types of interactions may represent major molecular contacts mediating the longitudinal annealing of ULFs and short filaments.
Unifying principles in IF structure and assembly?
As expected given that there are three distinct assembly groups (discussed earlier in The IF assembly mechanism: three distinct assembly groups), the overall structure of different IFs varies considerably. Therefore, the assumption that there exists just one type of "10-nm" IF may not be justified by the data obtained from tissue samples. Actually, the diameter of IFs, as measured in ultrathin sections from various tissues, was early on referred to as 7-11 nm, indicating high structural variability between the various IFs assembled from distinct IF proteins (88) . Note that the cross-sectional area of an 11-nmdiameter filament is twice that of a 7-nm-diameter IF, and therefore it harbors twice as many subunits as the thinner filament. Most likely, the resistance of an IF to mechanical stress increases with the number of subunits within a filament, and therefore this structural polymorphism may be of functional importance. (130) with the vimentin mutant Y117L, followed by indirect immunofluorescence microscopy with antibodies specific for human vimentin, revealing dot-like structures exclusively. Note the regular shaped particles that on occasion are lined up, possibly being situated on a fibrillar structure such as a MT (inset). Scale bar: 20 μm. A is reproduced with permission from EMBO journal (43) . B and C are reproduced with permission from Journal of molecular biology (92) .
Nevertheless, some general features are found in every IF, be it a lamin filament in the nucleus, a desmin filament in a muscle cell, or a keratin filament in an epithelial cell (89) . First, all IFs are apolar due to the fact that the principal structural building block within an IF is a tetramer assembled from two antiparallel oriented, dimeric coiled coils. Second, all IFs are highly resistant to extraction with high-ionic-strength buffers, no matter what tissue they are isolated from. This behavior indicates that IFs are held together via an extensive network of both charged and hydrophobic interactions. Third, disease-associated IF protein mutations that affect IF assembly in vitro also disturb IF formation in transfected cells and transgenic animals (52, 90, 91).
Can atomic structure predict IF structure in vivo?
A powerful proof of principle as to how predictions derived from both IF protein structure obtained by X-ray crystallography and the behavior of the recombinant protein in vitro translate into IF assembly in living cells has been provided by analysis of vimentin mutated at a specific site in coil 1A. In particular, it was assumed that the bulky tyrosine residue in a "d position" of the heptad within the coil 1A IF-consensus motif would enable the coil 1A segment of the rod to open up, probably as a prerequisite for proper assembly (43, 56) (Figure 5A ). When this residue was replaced with a leucine, which is an optimal "d position" amino acid for forming a coiled coil, crystals of the coil 1A peptide formed bona fide coiled Figure 5B) . Compared with the wild-type coil 1A peptide, the mutant peptide exhibited a much higher melting temperature, indicating the formation of strong inter-helical forces (92). Moreover, when the corresponding amino acid change was introduced into full-length vimentin, its in vitro assembly was completely arrested at the ULF stage (83) . Upon transfection of this vimentin mutant into vimentin-deficient mouse embryonic fibroblasts, the cells displayed a very distinct, dot-like fluorescent signal pattern indicative of the formation of rather uniform structures ( Figure  5C ). These dots ( Figure 5C , inset) appear to be very similar in size to the vimentin dots described in attaching fibroblasts, which are apparently the in vivo precursors of "squiggles" and short IFs (93, 94) , and they may indeed represent ULFs or small aggregates thereof (see Figure 4 , phases 1 and 2).
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Mutations in IF protein-encoding genes compromise protein function
At present, 86 distinct human pathologies are known to arise from mutations in IF protein-encoding genes (refs. 4 and 95; and Human Intermediate Filament Database, http://www.interfil. org). The most mutated gene is that encoding human lamin A and lamin C. At present, 330 mutations in this gene have been linked to at least ten different disease entities (96) (97) (98) . Although, the respective pathomechanisms have remained elusive, several plausible suggestions bearing on their central role as integrators of cellular architecture have been made. These range from interference with resistance of nuclei and whole cells to mechanical stress, to structural alterations in chromatin organization, to modulation of stem cell activities, to changes in gene expression programs and an increase in genomic instability (99) (100) (101) (102) . Mutations in the genes encoding the epidermal K5 and K14 were the first to be identified to cause disease (reviewed in refs. [50] [51] [52] . In the basal cell layer of the epidermis, the mutated keratin filaments aggregate heavily and lose their normal connection to desmosomes and hemidesmosomes. Hence, these mutations in K5 and K14 interfere with the proper generation of a functional cytoskeleton and, as a consequence, with the stress-absorbing functions of IFs. Both the loss of normal connection to desmosomes and hemidesmosomes and the defect in stress-absorption are evidently central to the tissue fragility observed in individuals carrying these mutations in K5 and K14, although other processes, such as signaling and protein turnover, may well be affected and contribute to the pathophysiology (95) .
As a consequence, the skin of people born with defective K14 is highly fragile (103) . One of the most recent examples of mutations in IF protein-encoding genes that contribute to tissue malfunction relates to the eye lens: a mutation in coil 1B of vimentin, Glu151Lys, has recently been demonstrated to underlie the formation of cataract (104) . This glutamic acid is absolutely conserved in vimentins from sharks to humans, and its change to lysine results in a strong kinetic in vitro assembly defect without, however, having a gross effect on the morphology of the mature IF (104) .
Desmin mutations affect IF assembly. The muscle-specific IF protein desmin is, in evolutionary terms, rather old, as highly conserved homologs are found in muscle cells from the invertebrate Styela to mammals including humans (49, 105) . Moreover, all these desmins, including the Styela protein, follow the ULF-type assembly pathway, as demonstrated by in vitro studies with recombinant proteins (27) . This conserved assembly behavior indicates that structural and functional aspects coevolved early on, even before vertebrate development started. The first disease-associated mutation in the human desmin-encoding gene was identified about ten years ago (106) . Analysis of the effects of the mutation, which led to a deletion of seven amino acids in coil 1B, demonstrated that it compromised desmin IF assembly both in vitro and in transfected cells. This observation provided a molecular explanation for the huge sarcoplasmic desmin aggregates found in patient muscle and the concomitant severe disturbance in the ordered parallel
Figure 7
Tearing and reduction in diameter of mature IFs as observed (A) on an electron microscopic grid and (B) by atomic force microscopy. (C) Schematic description of the filament rupture. The gray disk depicts the atomic force microscopy tip tearing on a filament (black bar). The bottom diagram illustrates the force-displacement curve corresponding to the 5 phases shown in the upper panel. A and B were reproduced with permission from Journal of molecular biology (125) . Scale bars: 100 nm.
alignment of sarcomeres within individual myofibers. Interestingly, at about the same time, a mutation in the gene encoding a small heat shock protein known as αB-crystallin was identified and found to cause a desmin-related myopathy, pointing to a direct functional relationship between desmin networks and these chaperone proteins (107) . Ever since, more than 40 desmin disease-associated mutations have been described, and a recent survey of patients with a dilated cardiomyopathy phenotype has revealed desmin to be quite frequently mutated, in approximately 1%-2% of these patients (108) .
As the first reported desmin mutant, introduced in the previous paragraph (106) , was unable to form regular IFs in vitro but only short irregular filaments, it was of interest to see whether all desmin disease-associated mutations would impair its ability to assemble into bona fide IFs. As expected, with the study of a larger number of desmin disease-associated mutants, a more complex picture emerged: about half of the mutant desmins were able to form extended filaments, whereas the others deviated from the normal assembly pathway at distinct stages by forming various non-IF structures (109, 110) . Most interestingly, the patient mutations taught structural biologists an important lesson: the introduction of a proline into a central position of the coiled coil does not necessarily impede the ordered organization of the tetramer, ULF, or even the filament. The A360P mutation, which is situated in an a position of the heptad pattern, introduces a change from the typical coiled coil-mediating amino acid alanine to proline, which is supposed to be a "helix breaker." Its occurrence in a coiled coil is therefore highly unusual but, remarkably enough, long regular filaments still formed ( Figure 6A ). As a result of the mutation, however, the A360P mutant IFs exhibit a diameter of 14.5 nm as compared with 12.6 nm for wild-type desmin IFs, and correspondingly harbor 56 subunits per IF cross-section instead of 48, as determined by mass measurements using scanning transmission electron microscopy (110) . Furthermore, the extended filaments observed after 1 hour of in vitro assembly exhibit alterations in their networking ability, indicating a defect in their higher order organization (110) . Among the mutants in the second group, which are unable to form extended filaments, some (such as R406W) still associate into regular ULF-like structures. Hence, it is their ability to longitudinally anneal that is affected ( Figure  6B ). In the case of R406W, the inter-helical salt bridge formed by the highly conserved aspartate and arginine residues at the end of coil 2B (residues 401 and 406, respectively, in human desmin) is destroyed as a consequence of the mutation ( Figure 6C ). Some mutant desmins form short IFs that eventually convert into sheet-like assemblies, whereas others convert into small ball-like aggregates (109) . These mutants deviate from the normal desmin assembly pathway at distinct steps, indicating they are unable to perform the appropriate subunit reorganizations needed to reach the next assembly stage. Interestingly, mutations located very close to one another within the molecule can give rise to entirely different in vitro assembly phenotypes.
Desmin mutations have an impact on cytoskeletal organization. When transfected into fibroblasts, the two groups of desmin mutants described above (those that form extended filaments and those that cannot) give rise to two distinct cell phenotypes. The filament-forming mutants (e.g., A360P) integrate into the endogenous fibroblast vimentin IF network, whereas the mutants that are unable to assemble into extended filaments (e.g., R406W) completely segregate from the endogenous fibroblast vimentin IF network (111) . Surprisingly, the latter type of desmin mutant causes a "collapse" of the endogenous vimentin IF system onto the cell nucleus. Hence, it may be concluded that the nonintegrating mutant desmin particles compete with vimentin IFs for binding sites with cell-anchoring structures at the cellular periphery (111) . Whether similar competition reactions take place in patient muscle and exactly how mutant desmin complexes interfere with the desmin system in myoblasts is presently unknown. Moreover, as observed in patients, all reported myopathic desmin mutations eventually lead to the generation of aggregates that contain mutant desmin, wild-type desmin, and many more proteins of the myocyte cytoskeleton; the molecular mechanism by which the organization of the extra-sarcomeric cytoskeleton is affected by the aggregates is still elusive. Future studies in transgenic animals will surely further our understanding of the differences found in the mechanical properties of individual mutant desmins (112) . After all, individual mutations may easily translate into different binding features for cellular cross-bridging factors, membrane components, and organelles such as mitochondria (113) .
In the case of the myocyte cytoskeleton, there is further complexity, as it contains IF proteins, such as synemin and syncoilin, that are unable to self-assemble into filaments but need desmin as a scaffold for coassembly, probably by forming heterodimers or higher order complexes with desmin. Hence, mutations in desmin may affect the function of these heteropolymers with strategic components of the myocytes architecture and physiological function. In skeletal muscle, desmin IFs connect to Z bands, costameres, cell nuclei, mitochondria, and desmosomes as well as to other structural proteins within the cytoskeleton. For example, the altered interaction of the desmin mutant E245D with the giant protein nebulin has been reported to negatively influence the length of sarcomeric actin filaments (114) . In an analogous manner, the interaction of synemin with components of the extra-sarcomeric cytoskeleton, such as dystrophin, utrophin, talin, and vinculin, may be disturbed by desmin mutations, as the two proteins are in complex within the individual muscle IF, and these alterations may then affect the functional integration of the desmin IF system into the myocyte (115) (116) (117) (118) . The same scenario may apply to syncoilin and its isoforms that bind to α-dystrobrevin (119), although nonstructural functions during regeneration processes have been favored for these IF proteins (120) .
Nanomechanical properties of IFs
In order to arrive at a rational understanding of the altered properties exhibited by mutant IF proteins, more structure determination and more knowledge on the tensile properties of IFs is needed. The IF system provides cells with compliance to small deformations and, at the same time, strengthens cells when large stresses are applied. The molecular basis for the special viscoelastic behavior of IFs has been worked out using rheological methods (121, 122) . In particular, it was demonstrated that vimentin IFs exhibit a property termed strain stiffening, i.e., upon application of stress the filament suspension becomes more viscoelastic. This property renders IFs distinct from MTs and MFs, which break without a similar response when strain is increased (121) . In bulk experiments, it can easily be observed that in vitro application of force to an entire IF network adsorbed to a surface can cause a reduction in the diameter of the single IFs from 12 to 4 nm ( Figure  7A ). Therefore, in order to investigate the tensile properties at the single IF level, atomic force microscopy (AFM) has been employed with neurofilaments and desmin IFs (123) (124) (125) . Using the cantilever of an AFM as a lateral force transducer, it has been determined that an IF may be stretched up to 3.5 fold (250% tensile strain) before it tears ( Figure 7 , B and C). Interestingly, when monitoring the breaking process, a phase where the filament becomes more viscoelastic in response to the applied strain was clearly visualized ( Figure 7C) . A future challenge is to investigate the change in cellular plasticity of myocytes that express a mutant desmin and correlate their mechanical properties with the tensile behavior of single IFs assembled from various mutant desmins.
Conclusion
Based on recent findings of the structural and biophysical properties of IFs, the significance of mutations in IF protein-encoding genes, in terms of their effects on the stability and oligomerization of these coiled-coil proteins, is indeed evident. The next challenge is to understand how these different proteins, which are built according to a common structural blueprint with little sequence homology between distant members of the gene family, translate their distinct sequence patterns into specific functions. For example, how do subtle differences in the hydrophobic seam of the coiled coil, as specified by the amino acid residues occupying the first and fourth positions of the heptad repeats, lead to different stabilities and local changes in the flexibility of the coiled-coil rod domain? Most of the other amino acids, i.e., those residing on the surface of the coiled coil, have the ability to influence interactions within the filament, thereby determining its tensile properties. In addition, some of the amino acids displayed on the filament surface will mediate interactions with other cellular constituents, including the plakins and various chaperones. Because of their distinct primary amino acid sequence, individual IF proteins will differ substantially with respect to their surface properties, hence creating distinct "sites" for binding factors. The relation of mutations to disease severity is surely connected in part to such functions. In a more general sense, in addition to their hard-core structural roles, both cytoplasmic and nuclear IFs may serve as parking platforms for functional proteins such as kinases or transcription factors (126) (127) (128) (129) . These various functions, in turn, will translate into specific properties, optimizing the plasticity and mechanosensitivity of individual cells within a given tissue.
